The attachment of Chlamydia psittaci, strain 6BC, to formaldehyde-fixed and unfixed L cells was studied. Cations were found to be required for attachment to both fixed and unfixed cells. The requirement for cations was largely eliminated when the net negative surface charge on fixed cells was reduced. A high concentration of sodium chloride (0.5 M) prevented binding and removed chlamydiae which were attached to fixed and unfixed cells, whereas non-ionic detergents had no effect on attachment of C. psittaci to fixed cells. The effect of various modifications of C. psittaci and L cell surfaces on attachment was also determined. Of the treatments tested, only trypsinization and periodate oxidation of L cells and acetic anhydride, heat and periodate treatments of C. psittaci reduced binding. Various lectins and high concentrations of neutral sugars had no effect on attachment, whereas amino sugars and several organic amines inhibited attachment. These results suggest that the initial phase of attachment requires electrostatic interactions between host and parasite surfaces, and that amino and carbohydrate groups on the surface of C. psittaci and glycoproteins on the surface of L cells may be directly or indirectly required for attachment.
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I N T R O D U C T I O N
The obligately intracellular, parasitic bacterium Chlamydia psittaci is believed to gain entry into non-professional phagocytes by an endocytic process (Litwin, 1959; Higashi, 1965; Lepinay et al., 197 1) . The term 'parasite-specified phagocytosis' has been coined by Byrne & Moulder (1978) to describe the entry of C. psittaci into L cells (mouse fibroblasts) and HeLa cells. In using this term, Byrne & Moulder suggest that phagocytosis of C. psittaci is induced by structures on the surface of the parasite. They speculate that sites on the surface of C. psittaci bind to complementary sites on the surface of the host-cell and that phagocytosis proceeds by a 'zipper mechanism' similar to the one proposed by Griffin et al. ( 1975) for immunoglobulin and complement-mediated phagocytosis by macrophages. Little is known about the nature of these parasite receptors other than that they are heatsensitive (Byrne, 1976) and that their function is not compromised by treatment with proteases or non-ionic detergents (Byrne & Moulder, 1978) .
The host-cell receptors also have not been identified, Kuo et al. (1973) suggested that sialic acid residues on HeLa cells may be receptors for non-lymphogranuloma venereum strains of C. trachomatis since treatment of HeLa cells with neuraminidase reduces their susceptibility to infection by these agents. Byrne (1976) noted that attachment of C. psittaci to L cells is reduced by pretreatment of L cells with trypsin and suggested that host receptors may be protein or glycoprotein in nature. Levy (1979) found that pretreatment of several cell lines with wheat germ agglutinin (WGA), which has a binding specificity for N-acetyl-D-dishes the day before the experiment, unless stated otherwise. For association of C. psittaci with unfixed L cells, labelled C. psittaci was added to SPG-washed monolayers in 1 ml of the indicated buffer and the mixture was incubated at room temperature without shaking. To remove unassociated organisms, the buffer suspension was decanted and the monolayers were washed three times with 2-5 ml Dulbecco phosphate-buffered saline (PBS), pH 7. L cells were then removed in 0.5 ml 1% (w/v) sodium dodecyl sulphate by scraping with a rubber policeman, and transferred, along with 4.5 ml of water wash, to a counting vial. The counts associated with the cells were determined by detecting Cerenkov radiation in a Beckman LS-lOOc scintillation spectrometer, using the full window. The efficiency of counting was 62% and was constant for all preparations. Association of C. psittaci with formaldehyde-fixed L cells was measured as described for unfixed cells except that washed monolayers of cells were fixed with 100 mM-formaldehyde in PBS for 1.5 h at 37 OC, then washed three times with 2.5 ml PBS containing 10 mM-lysine before the addition of 32P-labelled C. psittaci. Formaldehyde was prepared from paraformaldehyde by the procedure of Scott (1976). All preparations of C. psittaci were monitored by phase-contrast microscopy to assure that the chlamydiae were not aggregated.
Modijications of L cells and C. psittaci. 'Modifications of L cells were carried out on monolayers of formaldehyde-fixed cells ( lo6 cells per 35 mm culture dish) unless stated otherwise. Modified preparations were washed three times with 2.5 ml PBS before testing for association of C. psittaci. Glycine ethyl ester (GEE) modification: L cells were reacted overnight at room temperature with 1 ml 0.5 ~-l-ethyl-3-(3-dimethylaminopropy1)carbodiimide and 0.2 M-GEE (both from Sigma), adjusted to pH 5.5 with NaOH, and then treated a second time for 1.5 h with formaldehyde. (Beads of positively charged DEAE-Sephadex adhered to monolayers of unmodified fixed cells but not to monolayers of GEE-modified fixed cells indicating that the bulk of the net negative charge on fixed cells was removed by GEE modification. Particles of negatively charged CM-Sephadex adhered to neither unmodified nor modified fixed cells.) Acetic anhydride: L cells were incubated in 1 ml of half-saturated sodium acetate on ice and 5 pl 98.5% acetic anhydride was added to the cells at 10 min intervals for 1 h. p-Chloromercuriphenylsulphonic acid (PCMBS): L cells were incubated in lo-', or M-PCMBS (Sigma) in PBS for 1 h at 4 OC. Sodium metaperiodate: L cells were treated overnight at 4 OC in the dark with 200 mM-sodium metaperiodate (Sigma). Non-ionic detergents: L cells were treated with 2% (v/v) Triton X-100 (Sigma) or 2% (v/v) Nonidet P40 (Particle Data Labs, Elmhurst, Illinois) for 2 h at 37 OC.
Chloroform/methanol: Monolayers of fixed L cells (2 x lo6 cells per 60 mm glass Petri dish) were extracted for 5 h with 4 ml chloroform/methanol(2 : 1, v/v) with changes of solvent every hour. Neuraminidase: Monolayers of unfixed or fixed L cells were treated with Vibrio cholerae neuraminidase at 250 U ml-I or Clostridium perfringens neuraminidase at 0.5 U ml-' (both from Calbiochem) for 1 h at 37 "C following the procedure of Kuo et al. (1973) . N-Acetylglucosaminidase: L cells were incubated for 1 h at 37 OC in 1 ml 1 m~-N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES)/NaOH, pH 7.0, containing 1 U N-acetylglucosaminidase (Sigma).
Trypsin: A suspension of L cells (3 x lo6 m1-I) in PBS containing 10 pg trypsin ml-' (Sigma) was incubated for 30 min at 37 OC; then growth medium was added, the cells were harvested by centrifugation and resuspended in fresh growth medium, and monolayers consisting of 1 x lo6 cells per 35 mm culture dish were prepared. After heximide (Sigma; 10 pg ml-I) was present at all stages and was included in the buffer when testing for association of C. psittaci to unfixed cells.
Chlamydia psittaci modifications: Organisms ( lo9 infectious units) were treated with reagents and enzymes as indicated for L cells and washed once in 5 ml PBS.
Lectin studies. Wheat germ agglutinin (WGA), other lectins and N-acetylglucosamine (NAG) were purchased from Sigma. For column chromatography, NAG-Sepharose (Pierce Chemical, Rockford, Illinois) and Sepharose columns (5.0 cm) were prepared in Pasteur pipettes. 32P-labelled C. psiffaci and i2SI-labelled WGA preparations were eluted with PBS in 15 drop (0.5 ml) fractions.
'251-labelled WGA was prepared by treating WGA (5 mg m1-I) for 30 min at room temperature in 0-15 ml PBS containing 0.75 pmol P-D-glucose, 2-8 U lactoperoxidase (Millipore), 0.1 1 U glucose oxidase (Sigma), and 50 pCi [ i2511NaI (ICN, Irvine, California). Excess lZ5I was removed by passage of the mixture over Sephadex G-25 and dialysis against 100 vol. PBS for 18 h.
R E S U L T S
Association of C. psittaci with formaldehyde-jixed and unfixed L cells The experiment reported in Fig. 1 demonstrates that the extent of association (the sum of attachment and ingestion) of Cpsittaci (6BC) with both fixed and unfixed cells was linearly dose-dependent over a broad range of multiplicities of infection in our experimental system. Association of C. psittaci with fixed and unfixed cells was also linear over an 8 h incubation period (Fig. 2) . Since association was dose-dependent and linear with time, any reduction in the association of C. psittaci with L cells following modifications of the parasite, host, or incubation buffer directly reflected a reduction in the number or affinity of the effective binding sites on the parasite or host surface. The slightly reduced association of C. psittaci with fixed L cells, therefore, may be the result of the masking of some L cell receptors by the fixation process. There was no evidence for saturation of L cell receptors even at very high multiplicities of infection ( Fig. 1 ). Foetal calf serum was not required for association of C. psittuci with L cells (Fig. 2) ; however, foetal calf serum was included in all studies since C. psittaci binds tenaciously to the plastic or glass of tissue culture dishes in the absence of serum but not in its presence.
Cation requirement for attachment
Since the surfaces of both C. psittaci and L cells carry a net negative charge at physiological pH (Vance & Hatch, 1980) , the role of cations in the attachment of C. psittaci to L cells was investigated. Cations were found to be required for the binding of chlamydiae to both fixed and unfixed cells (Table 1 ). The extent of association was greater at 10 m~-C a C l , than at 1 m~-CaCl,; however, 10 m~-C a C l , caused clumping of C. psittaci. Mn2+, Mg2+ and Na+ could be substituted for Ca2+; however, 100mM-NaC1 was required to promote binding equivalent to that obtained with 1 m~-CaCl,. High concentrations of NaCl (500 mM and above) did not promote binding even in the presence of CaC1,. High concentrations of NaCl also displaced C. psittaci organisms which previously were bound to fixed L cells at room temperature or to unfixed cells at 4 OC (to prevent phagocytosis) in the presence of Ca2+ (Fig. 3) . These observations suggest that, under conditions in which phagocytosis does not occur, binding of C. psittaci to L cells is reversible and may involve ionized groups on the surfaces of the parasite and the host. Pretreatment of fixed or unfixed cells with NaCl had no effect on the attachment process.
The possibility that the role of cations in the attachment process is to neutralize the mutually repulsive negative charges on the host and parasite surfaces was explored by studying the binding of C. psittaci to L cells after blocking surface carboxyl groups by reaction with a carbodiimide derivative and glycine ethyl ester (GEE-modified cells). This technique was found to reduce the negative surface charge on L cells (see Methods). As shown in Table 2 , attachment of C. psittaci Organisms to GEE-modified L cells was considerably greater than to unmodified cells in the presence of Ca2+. Attachment to GEE-modified 276 C. psittaci attached* to GEE-modified cells be due to incomplete modification of carboxyl groups on the surface of L cells or the presence of other negatively charged ligands on the host surface. As previously noted for unmodified L cells, chlamydiae bound to GEE-modified cells were removed by NaCl suggesting that electrostatic interactions are involved in their binding to both unmodified and GEE-modified cells.
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Eflect of pH on attachment
The possibility that ionizable groups on the surface of the parasite and the host are required for attachment was further investigated by examining the effect of pH on binding (Fig. 4) . Attachment at pH values lower than 7-0 could not be studied quantitatively as the parasite tends to clump at acid pH. There was a significant decrease in attachment of C. psittaci to L cells at pH 10 and 10.5. ? The Na,CO, buffer was neutralized to pH 7.0 with 1 M-HCI after 2 h preincubation.
Narita et al. (1976) have demonstrated that C. psittaci organisms are disrupted by incubation in EDTA at pH 10.5; thus, the failure of C. psittaci to bind to the L cells at high pH may be merely a reflection of a damaged state of the parasite. However, C. psittaci preparations preincubated at high pH in the absence of Ca2+ were as effective at attaching to L cells as parasites preincubated at pH 7 (Table 3) . CaCl, is less soluble at pH 10.5 than at pH 7.0; thus, the poor attachment at high pH values may reflect merely the requirement for cations for attachment. However, the pH effect appears to be independent of CaC1, solubility since binding of C. psittaci to GEE-modified cells at pH 10.5 was reduced by approximately 80% (data not shown), even though binding to .GEE-modified cells at pH 7 does not require Ca2+ (Table 2) ,.Thus, it appears that under our conditions of incubation, the reduced binding of C. psittaci to L cells at high pH is not due to irreversible damage to the parasite or the decreased solubility of CaCl,, but rather to the requirement on either the host or the parasite surface of ionizable groups with pK, values in the range 10 to 10.5.
Effect of treatments of L cells and C. psittaci on the attachment process
To gain insight into the nature of the chemical groups which may be involved in the binding process, attempts were made to reduce the binding of C. psittaci to L cells by altering either the parasite or the host-cell surface by specific modifications; results are summarized in Table  4 . Treatment of fixed L cells with non-ionic detergents (Triton X-100 and Nonidet P40), which remove lipids from fixed cells, were without effect while chloroform/methanol extraction of lipids and phospholipids from L cells reduced binding by only 28%, suggesting that host lipids may not be required for binding. Modification of L cell amino groups and hydroxyl groups of carbohydrates with acetic anhydride, and sulphydryl groups with PCMBS, also was without effect. Extensive enzymic treatment of cells with N-acetylglucosaminidase and V. cholerae and C. perfingens neuraminidases had no effect on the attachment process. In experiments not detailed here, C. psittaci adhered to, gained entry into, and even multiplied within a mosquito cell line which completely lacks sialic acid residues (Warren, 1963) , casting doubt that surface sialic acid groups are required for binding of C. psittaci to host cells. Treatment of L cells with trypsin did reduce binding by about 40 to 60%, confirming Byrne's (1976) original observation and suggestion that host proteins or glycoproteins may be at least indirectly required for attachment. It should be noted that the effect of trypsin was observed in our experiments both in cells fixed and in cells left unfixed after trypsin treatment, suggesting that fixation does not add receptors which are not otherwise present on L cells. Prolonged treatment of fixed cells with periodate also reduced binding by about 50%.
Reaction of C. psittaci with formaldehyde, trypsin, neuraminidases, N-acetylglucosaminidase, non-ionic detergents, and PCMBS had no effect on the ability of the parasite to 5 Association of C. psittaci with cells left unfixed or fixed following treatment with trypsin was determined: the reduction of association with unfixed cells was 39%; the reduction with fixed cells was 58%.
bind to unfixed or fixed L cells, whereas treatment of C. psittaci with heat, acetic anhydride, and periodate significantly inhibited attachment raising the possibility that parasite. carbohydrate and/or amino groups may be required for binding. Levy (1979) reported that WGA inhibits the infection of L cells with C. psittaci. In an attempt to confirm these observations, we incubated L cells for 1 h in growth medium in the absence or presence of varying concentrations of WGA and then evaluated the ability of C. psittaci to attach to and infect these cells in the continued presence of WGA. In our experiments WGA at 20 pg ml-' inhibited inclusion formation (determined by staining 23 h after removal of C. psittaci and WGA) in suspensions of L cells by about 20 % but had little, if any, effect on inclusion formation in monolayers or on the association of labelled C. psittaci with unfixed or fixed monolayers of cells. None of several similar-,experiments demonstrated a dramatic effect of WGA on the infection process. WGA clearly affected the L cells since WGA-treated unfixed cells were highly vacuolated. When either unfixed or fixed monolayers of L cells were incubated in the presence of '251-labelled WGA (50 pg ml-'), approximately 5 % of the label was associated with the cells at 1 h and 8 % was associated at 2 h. Some 80% of the label which was associated with the fixed cells after 1 h ,of incubation was displaced following a 15 min incubation in the presence of 0-2 M-NAG.. Affinity chromatography was used in an attempt to demonstrate receptors for NAG on the surface of C. psittaci. As can be noted in Fig. 5 , the parasite, adhered no more tightly to NAGSepharose, which bound WGA, than to unsubstituted Sepharose, which failed to bind WGA. In other experiments not detailed here, the following lectins (specificity in parentheses; tested at 100 pg ml-') -concanavalin A (cr-D-mannose), Tetragonolobus purpureas lectin (Lfucose), Ricinus communis Type I1 lectin (D-galactose), Lens cuharis lectin (a-D-mannose) and soybean agglutinin (N-acetyl-D-galactosamine) -each had no significant effect on the adherence of C. psittaci to fixed L cells. 
Effect of wheat germ agglutinin on infection
T . P. H A T C H , D . W. V A N C E A N D E. A L -H O S S
D I S C U S S I O N
Ideally, one would study the efficient attachment of C. psittaci to host cells in a model system which closely resembles a natural infection. However, to identify parasite and hostsurface chemical groups involved in the attachment process, it is necessary to selectively modify surface groups in much the same way as an enzymologist modifies amino acids or tests artificial substrates to gain insight into the nature of the active site of an enzyme. We have chosen to study the association of 32P-labelled C. psittaci (6BC) with monolayers of unfixed and formaldehyde-fixed L cells, a system first developed by Gregory (1978) . There are two advantages to studying the attachment of C. psittaci to formaldehyde-fixed cells rather than to unfixed cells: (1) the ingestion phase of phagocytosis is eliminated in the fixed cell system, and (2) the surfaces of fixed cells can be modified under conditions which would lyse unfixed cells. Several lines of evidence have been presented which suggest that C. psiftaci binds to the same receptors on unfixed and formaldehyde-fixed cells. Whenever possible we have compared results obtained with the fixed cell system with those obtained with unfixed cells.
In contrast to unfixed cells, the membranes of fixed cells are rigid, surface proteins are cross-linked, and some amino and other groups are alkylated. Any one, or any combination, of these effects may be responsible for the slight reduction in association of C. psiftaci with fixed cells observed here. Nonetheless, all of our observations (summarized in Table 4 ) are consistent with the conclusion that the initial interaction of C. psittaci with L cells involves the same receptors on both unfixed and formaldehyde-fixed cells. For example, treatments of C. psittaci which altered its ability to bind to unfixed cells also altered its ability to adhere to fixed cells. Ainsworth et al. (1979) similarly concluded that a fast-growing variant of C. trachomatis attaches to the same sites on unfixed and glutaraldehyde-fixed McCoy cells. Although attachment of C. psittaci to fixed cells does not represent a natural physiological process, it does provide a model system in which incubation conditions may be altered and specific surface groups may be modified in order to study the forces involved in the initial attachment phase of phagocytosis.
Previous studies have shown that the surface of C. psittaci (6BC) is both negatively charged and hydrophobic (Vance & Hatch, 1980) . We examined the possibility that these properties may be involved in the initial interaction between C. psittaci and host cells. That both C. psiftaci and L cell surfaces are negatively charged suggested to us that some mechanism existed to circumvent this mutual repulsion in the infection process. It is likely Attachment of C. psittaci to L cells 28 1 that divalent cations provide such a mechanism, either by bridging or by neutralizing the negative charges on the host and parasite, since the requirement for cations in the attachment process was largely eliminated under conditions in which the negative charge on the surface of L cells was reduced. Moderate concentrations of monovalent cations also promoted binding; however, high concentrations of sodium chloride inhibited binding and detached C. psittaci from fixed L cells and L cells maintained at low temperature, probably in a manner analogous to the displacement of proteins from ion-exchange resins by high concentrations of salt. We also observed that attachment decreased substantially at high values of pH. These data all suggest that the attachment of C. psittaci to L cells is primarily electrostatic. Similar electrostatic interactions have been observed in other systems, such as the adsorption of T2 phage to Escherichia coli (Puck & Tolmach, 1954) and of certain animal viruses to host cells (Lonberg-Holm & Philipson, 1974) . Although the net negative surface charge on chlamydiae was not known at the time, Kuo et al. (1973) suggested that polycations such as DEAE-dextran enhance the infectivity of non-lymphogranuloma venereum strains of C. trachomatis by neutralizing surface charges on host cells. Several studies suggest that hydrophobic forces play an important role in the phagocytosis of bacteria by phagocytes (Mudd & Mudd, 1933; Cunningham et al., 1975; Stendahl & Edebo, 1972; Van Oss & Gillman, 1972) . Although the surface of C. psittaci is hydrophobic, we could find no evidence that hydrophobic forces contribute to the attachment of C. psittaci to fixed L cells: attachment was readily reversible in the presence of sodium chloride, and non-ionic detergents did not interfere with the binding process. It is possible that the close interaction between host and parasite surfaces afforded by electrostatic interactions is further stabilized by short-range hydrophobic forces in the case of attachment of C. psittaci to unfixed L cells maintained at temperatures which permit membrane fluidity and subsequent phagocytosis.
In an attempt to more specifically identify chemical groups involved in the attachment process, we examined various treatments of C. psittaci and L cells on the binding (Table 4) . The results of these experiments must be interpreted with caution. Failure of a specific modification procedure to alter binding suggests that the target groups play no role in attachment; however, resistance of substrate to modification or even the generation of new binding sites cannot be ruled out. Likewise, reduction of binding following specific treatment suggests that the target group is required for attachment; however, the role of the groups may be only indirectly related to the actual receptor site. With these caveats in mind, we noted that only treatments of L cells which modified carbohydrates (periodate oxidation) and proteins (trypsinization) reduced attachment significantly. A particularly interesting observation was that the extraction of lipids from fixed L cells with non-ionic detergents had no effect on the attachment process; apparently, a skeletal network of cross4nked L cell proteins is sufficient for chlamydia1 adherence. Chlamydia psittaci organisms also were resistant to many treatments. Only heat, periodate and acetic anhydride treatments reduced attachment to fixed and unfixed cells. The acetic anhydride effect may be the result of modification of parasite amino groups which are required for attachment -a possibility not inconsistent with the observation that C . psittaci organisms bind poorly to L cells at high pH.
Carbohydrate moieties on the surface of both L cells and C. psittaci may play an important role in the attachment process since treatment of either host or parasite with sodium metaperiodate, a substance known to cleave bonds between neighbouring carbons with hydroxyl groups, inhibited binding. Carbohydrate groups are suspected of playing critical roles at the interface between other parasitic bacteria and their host cells. For example, the haemagglutinating and adhesive activities of some Gram-negative bacteria can be inhibited by D-mannose (Ofek et al., 1977; Fader et al., 1979; Old, 1972) , adhesion of Vibrio cholerae to brush border membranes is inhibited by L-fucose (Jones & Freter, 1976) , and Pseudomonas aeruginosa haemagglutinating activity is reduced by D-galactose (Gilboa-Garber, 1 972). By using attachment inhibition studies, we tried unsuccessfully to identify specific
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sugars which may be involved in the adherence of C. psittuci to L cells. Neutral sugars, at least in the form of monosaccharides, were without effect on attachment. Amino sugars did inhibit attachment, but their effects may be simply non-specific interference with hostparasite electrostatic interactions rather than competition for specific host or parasite receptor sites. Lectin studies also were unrevealing. In contrast to the observations of Levy (1979), we found that WGA and other lectins had no significant effect on the infection process. We cannot account for our inability to confirm Levy's results although every attempt was made to duplicate experimental conditions, including the use of the same strains of C. psittaci and L cells. The observations that 1 M-NAG and treatment of L cells with N-acetylglucosaminidase failed to inhibit the attachment process and that C. psittuci does not adhere to NAG-Sepharose are consistent with the conclusion that NAG is not an L cell receptor ligand for C. psittuci.
In conclusion, the initial stage of attachment of C. psittuci to L cells requires cations and electrostatic interaction between host and parasite. Attempts to definitively identify the chemical nature of the host and parasite surface groups involved in this interaction were unsuccessful. Circumstantial evidence suggests that host proteins or glycoproteins and parasite carbohydrate and amino groups may have important roles in the attachment process.
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